Abstract-We consider a wireless Machine-to-Machine (M2M) area network where a gateway periodically collects data from a group of end-devices equipped with energy harvesters. While the use of energy harvesters ideally provides infinite lifetime, the unpredictable amount of harvested energy may not guarantee that all data transmissions can be done in due time because of temporary energy shortages. We propose in this paper the Energy Harvesting-aware Reservation Dynamic Frame Slotted-ALOHA (EH-RDFSA) protocol as a solution suitable for managing the access of end-devices that transmit bursts of data packets while taking into account the energy availability. We derive a model based on a discrete-time Markov chain to analyze the evolution of the energy available in an end-device and to evaluate the performance of the network. In particular, we compute the data delivery ratio, which measures the ability of the protocol to successfully transmit data to the gateway without depleting the energy reserves of the end-devices, and the time efficiency, which measures the amount of data that can be transmitted in a given period of time. We have validated the accuracy of the analysis by means of computer-based simulations. Results show that the overall performance is influenced by the energy harvesting rate and the amount of data to transmit from each end-device. Finally, we have compared the performance of EH-RDFSA with that of DFSA and Time Division Multiple Access (TDMA) protocols.
I. INTRODUCTION
In many cases, Machine-to-Machine (M2M) networks aim at connecting end-devices that must operate autonomously for years. The high density of these networks will make very difficult and expensive to manually replace batteries and maintain a massive number of end-devices once deployed, which need to be low-cost and energy efficient in order to operate with very limited access to energy sources. Therefore, energy efficiency is essential to ensure extended network lifetime and guarantee close-to-zero maintenance costs. There are two main strategies to prolong the network lifetime: i) by reducing the energy consumption devoted to communications; and ii) by using energy harvesting systems that collect energy from the environment in order to enable perpetual operation [1] . These strategies can be used in combination. It is widely known that the Medium Access Control (MAC) layer plays an important role in the energy consumption needed for communications. It coordinates the access to a shared medium and determines when the radio transceivers are powered on to transmit, listen, or receive. Therefore, an energy-efficient MAC protocol can contribute to minimize the energy waste due to packet collisions, over-hearing, idle listening, and protocol overheads [2] . Centralized schedule solutions, as the Time Division Multiple Access (TDMA) protocol, could be optimal to reduce energy consumption since they allow every end-device to transmit without collisions. Unfortunately, these protocols require the knowledge of the network topology, which may be difficult to maintain in dense networks with an unknown and dynamic number of enddevices, and they may suffer from scalability issues as the number of devices to schedule is very high. Contrarily, random access protocols, such as ALOHA or Carrier Sense Multiple Access (CSMA), do not require topology knowledge, and their simplicity of operation make them ideal for M2M. Indeed, many standards for short-range wireless communications rely on random access protocols, e.g., CSMA in IEEE 802.15.4 and IEEE 802.11, ALOHA in EN 13757-4 for Automatic Meter Reading, and Dynamic Frame Slotted-ALOHA (DFSA) in ISO/IEC-18000-7 for asset tracking.
In addition, the use of energy harvesters may enable the implementation of fully autonomous end-devices that collect the needed energy from the environment, convert it into electrical energy, and store it in rechargeable batteries or capacitors. Despite energy harvesters theoretically provide infinite lifetime, they may not guarantee fully continuous operation. This is due to the fact that energy sources are highly variable and unpredictable. Thus, the energy available over a short period of time may not be enough for the operation of an end-device, which may enter in temporary energy shortage until it captures enough energy. This needs to be considered at the MAC layer. While the performance of random access has been studied in many research works, analyses in networks with energy harvesting are rarely found in the literature. Exceptions to this can be found in previous research works focused on CSMA [3] , [4] , slotted-ALOHA [5] , FSA [6] , and DFSA [7] , [8] .
Motivated by the need to design energy harvesting-aware MAC protocols, in this paper we focus on data collection applications where thousands of end-devices, equipped with energy harvesters, periodically transmit a burst of data packets upon request from a gateway. The FSA and DFSA protocols have been identified in the past [6] - [8] as good approaches for data collection when every end-device has just one data packet to transmit per request to the gateway. Results show that DFSA outperforms FSA in terms of delay (or throughput) when it is optimally configured [7] , [9] , i.e., the frame length is adjusted to the number of contenders in every frame. The reservation FSA protocol (RFSA) was proposed in [10] to improve the performance of FSA when the end-devices generate long messages fragmented into smaller parts. Results show that RFSA outperforms FSA in terms of throughput by letting end-devices reserve the channel for fragmented messages, thus avoiding the need to compete for the channel for each newly generated fragment of the same message. However, to the best of our knowledge, the design and analysis of a dynamic FSA protocol with reservation for networks with energy-harvesting capabilities has never received attention. This is the main motivation of this paper, which aims to fill this gap with the following contributions: (i) we propose a new MAC protocol, named Energy Harvesting-aware Reservation Dynamic Frame Slotted-ALOHA (EH-RDFSA), for data collection networks where the end-devices are equipped with energy harvesters and generate long messages with data fragmentation; (ii) we propose the data delivery ratio and the time efficiency as performance indicators which measure, respectively, the ability of the MAC protocol to successfully transmit data to the gateway without depleting the energy reserves of the end-devices, and the amount of data that can be transmitted in a given time; (iii) we derive a discrete-time Markov chain model to analyze the evolution of the energy available in the end-devices and to compute analytically the performance metrics, and (iv) we evaluate and compare the performance of EH-RDFSA, DFSA, and TDMA, and show how they are affected by the variability of the harvested energy and temporary energy shortages.
The remainder of this paper is organized as follows. In Section II, we describe the system model. In Section III, we summarize the operation of the MAC protocols and the MAC performance metrics. In Section IV, we present the analytical model. Section V is devoted to evaluate the performance of the MAC protocols and validate the accuracy of the analysis through computer-based simulations. Finally, Section VI concludes the paper.
II. SYSTEM MODEL

A. Network and Data Model
We consider a wireless network formed by one central coordinator (or gateway) and n end-devices in the communication range of the coordinator, forming a star topology. Each enddevice is equipped with an energy harvester and an energy storage device (ESD). The coordinator collects data from the end-devices by periodically initiating Data Collection Rounds (DCR), once every T R seconds as depicted in Figure 1 . Each DCR is started when the coordinator broadcasts a Request for Data (RFD) packet. In the k-th DCR, an end-device Figure 1 . Illustration of the data collection process with n = 3 end-devices.
has a number l(k) of data packets ready to be transmitted to the coordinator. The data process can be modeled as a discrete-time random variable with a probability mass function p j = Pr{l(k) = j} with j ∈ {0, 1, 2, ...}. The value of l(k) is considered to be independent of other end-devices and previous DCRs. At the beginning of the k-th DCR, if an end-device has an energy level in its ESD above a predefined threshold ε th , the end-device enters into active mode and attempts to transmit data to the coordinator. Contrarily, if an end-device has not enough energy, it remains in sleep mode waiting for the (k + 1)-th DCR. In the example of Figure 1 , end-devices 1 and 2 have enough energy to enter into active mode in the k-th DCR, while end-device 3 has not enough energy. In the (k + 1)-th DCR, only end-devices 2 and 3 can enter into active mode.
The communication process in the k-th DCR is formed by a sequence of F k frames. Each frame is divided into m slots. The coordinator broadcasts a feedback packet (FBP) at the end of each frame to inform about the number of slots of the next frame depending on the MAC layer. An enddevice which is in active mode transmits one data packet per frame, according to the rules of the adopted MAC protocol as detailed in Section III. The coordinator responds with an acknowledgement (ACK) packet to each data packet which is decoded successfully. We assume that the data packets have constant length and that the duration of a slot is adjusted to fit the transmission time of a data packet from an end-device and of an ACK from the coordinator, with the necessary guard times and considering both packet length and data transmission rates.
An end-device in active mode attempts to transmit its data packets as long as it has energy available in its ESD. During the k-th DCR, when an end-device either enters in energy shortage or succeeds in transmitting its l(k) data packets, it enters into sleep mode until the (k + 1)-th DCR starts. Consequently, the communication process of a DCR finishes when all the end-devices have entered into sleep mode. We assume that the duration of the communication process, denoted by T C (k), is shorter than the time between two consecutive DCRs (i.e., T C (k)
T R for all k) in order to ensure that the communication process of successive DCRs do not overlap.
In order to focus the study on the performance of the MAC layer, we assume that all packets are always transmitted without errors induced by the wireless channel. In addition, we assume that none of the data packets that collide in a given slot can be decoded by the coordinator, i.e., there is no capture effect. The inclusion of transmission errors and capture effect is left for future work.
B. Energy Consumption and Energy Storage Models
We consider that the end-devices transmit the data packets at a constant power and data-rate. In addition, we consider that the energy consumed by an end-device in sleep mode is negligible. Therefore, we can assume that each time that an end-device transmits one data packet in a certain frame of a DCR, it consumes a constant amount of energy E tx (Joules) regardless of the frame length, which accounts for all the energy used in the communication phases: (i) the enddevice transmits the data packet in one slot, (ii) it listens to the channel to receive an ACK, (iii) it remains in sleep mode in the other slots of the frame, and (iv) it receives a FBP. We normalize the energy consumption E tx to 1 energy unit for mathematical tractability.
The amount of energy stored in the ESD of the i-th enddevice can be modeled as a random variable which depends on the harvested energy and the energy consumed throughout the DCRs. We assume that the energy leakage within an ESD is negligible. The energy stored in the i-th ESD is denoted by E ESD,i ∈ {0, 1, 2, ..., N }, where 1 unit represents the energy required by an end-device to transmit one data packet in one frame, and N is the normalized capacity of the ESD. Thus, the maximum number of data packet transmissions allowed in a DCR when the ESD is fully charged at the beginning of the DCR is limited to N .
C. Energy Harvesting Model
The energy harvester of the i-th end-device captures an amount of energy, denoted by E H,i (k), for the time T R between two consecutive DCRs (k − 1) and k. The harvested energy E H,i (k) can be modeled as a discrete random variable with a probability mass function q j = Pr {E H,i (k) = jE tx } with j ∈ {0, 1, 2, ...}, which depends on the characteristics of the energy source. E H,i (k) is considered to be independent and identically distributed (i.i.d) with regard to other enddevices and DCRs.
The energy harvesting rate E H is defined as the average harvested energy of an end-device during the time T R and can be expressed as
We assume that the dynamics of the energy harvesting process are much slower than the communication process of a DCR. Therefore, we can consider that the amount of energy that can be harvested within T C (k) is negligible with respect to E H,i (k) and is not inmediately available to be used by the i-th end-device during the communication process. 
III. MAC PROTOCOLS AND PERFORMANCE METRICS
In this section, we describe the three MAC protocols and related performance metrics considered in this paper.
A. Medium Access Control Protocols 1) Dynamic Frame Slotted-ALOHA:
In DFSA, each frame is composed of a variable number m C of contention slots. An end-device which becomes active in the k-th DCR randomly selects one slot in every frame to transmit one of its l(k) data packets. From the point of view of the coordinator, each slot can be in one of three different states: (i) empty, i.e., no data packet has been received; (ii) success, i.e., one data packet has been received and decoded by the coordinator, which responds with an ACK; or (iii) collision, i.e., two or more data packets have been transmitted in the slot and none can be decoded. When an end-device succeeds in transmitting its data packet i in frame j, it randomly selects one of the slots in frame j + 1 to transmit its data packet i + 1, i.e., it contends again in the next frame. Otherwise, it reattempts transmission of data packet i in the next frames {j + 1, j + 2, ...} as long as it has enough energy.
In DFSA, the coordinator adjusts the value of m C to be equal to the number of end-devices that contend in every frame in order to minimize T C (k) [7] , [9] . The coordinator broadcasts a FBP after each frame to assign the value of m C . We assume that the coordinator is able to estimate the number of contenders in each frame as follows [7] . For the first frame, the number of contenders is estimated by using the steady-state probability distribution of the energy available in the ESDs at the beginning of a DCR. For subsequent frames, the number of contenders is estimated by counting the number of collided slots in the previous frame and the number of end-devices that will not have enough energy to contend in the next frame.
2) Energy Harvesting-aware Reservation Dynamic Frame Slotted-ALOHA: This is the new MAC protocol proposed in this paper for data collection networks with data fragmentation and energy harvesting capabilities. In EH-RDFSA, each frame is composed of a variable number m R of reserved slots and m C contention slots. The number of reserved slots in the first frame of a DCR is 0. An end-device that becomes active in the k-th DCR randomly selects one of the contention slots in every frame to transmit the first of its l(k) data packets. When it succeeds in transmitting its first data packet in a given frame, one reserved slot will be allocated to the enddevice in subsequent frames. The coordinator informs the enddevice about the specific reserved slot in the ACK. Then, the end-device will transmit its other l(k) − 1 data packets in its reserved slot as long as it has enough energy. A reserved slot is released either once the end-device has transmitted all its data packets or it enters in energy shortage and stops using the slot. The header of every data packet includes a flag which indicates whether it is the last packet or not, and one field which informs to the coordinator about the energy level of the end-device. This information is used by the coordinator to calculate the number m R of reserved slots in the next frame.
In EH-RDFSA, similarly to DFSA, the coordinator adjusts m C to be equal to the number of end-devices that contend to transmit their first data packet in order to minimize T C (k). At the end of each frame, the coordinator broadcasts a FBP to assign m R and m C for the next frame.
The example of Figure 2 shows the operation of EH-RDFSA with 4 end-devices in active mode. In frame 1, end-devices 1 and 3 succeed in transmitting their first packet. Thus, 2 new reserved slots are allocated in frame 2 for both end-devices. Since end-devices 2 and 4 collide in frame 1, they contend again to transmit their first packet in frame 2, where they succeed. Thus, 2 new reserved slots are allocated in frame 3 for end-devices 2 and 4. While the number of reserved slots increases in every frame (from 0 to 4), the number of contention slots decreases (from 4 to 0). The communication process continues after frame 3 until every end-device has either transmitted all its packets or entered in energy shortage.
3) Time Division Multiple Access:
We consider a particular case of TDMA where each frame is composed of a fixed number m R of reserved slots that is equal to the number n of end-devices. Each slot is reserved to one end-device. An end-device that becomes active in the k-th DCR will attempt to transmit its l(k) data packets in its reserved slot of l(k) consecutive frames as long as it has enough energy.
B. Performance Metrics
The data delivery ratio is defined as the ratio between the average number of data packets that are successfully transmitted to the coordinator in a DCR, and the average number of data packets ready to be transmitted at the beginning of the DCR. This value measures the ability of the MAC protocol to successfully deliver data from the end-devices to the coordinator in every DCR without depleting their ESD.
The time efficiency is defined as the ratio between the average number of data packets successfully transmitted to the coordinator in a DCR, and the total number of slots required to complete the communication process of the DCR. This value measures the probability that one slot allocated by the MAC layer during a DCR is successfully used.
Due to the fluctuations of the harvested energy, the limited capacity of the ESDs, and collisions, both data delivery ratio and time efficiency may be lower than 1. 
IV. ENERGY EVOLUTION OF AN ESD AND ANALYSIS OF PERFORMANCE METRICS
In this section, we describe a theoretical model to compute the performance metrics. To this end, in Section IV-A we propose a discrete-time Markov chain model to analyze the energy evolution of an ESD across DCRs using EH-RDFSA. Then, in Section IV-B we derive the steady-state probability distribution of the energy available in an ESD at the beginning of a DCR, and we formulate the data delivery ratio and the time efficiency.
A. Discrete-Time Markov Chain Model
The evolution of the energy available in the ESD of an end-device can be modeled with a discrete-time Markov chain as shown in Figure 3 . Each state in the chain is defined by {e(t), f(t)}, where e(t) ∈ {0, 1, ..., N } is a stochastic process which represents the number of energy units stored in the ESD at time t, and f (t) ∈ {0, 1, ..., N } is a stochastic process which represents that either an end-device is in sleep mode, when f (t) = 0, or the number of frame in which an end-device contends to transmit the first of its data packets. The Markov chain is characterized by a transition matrix P = [p ij ], where p ij is the one-step transition probability defined as
The operations of an end-device across DCRs using EH-RDFSA are as follows. When an end-device has either succeeded or entered in energy shortage, it remains in sleep mode (with e i ∈ {0, 1, ..., N } and f i = 0) until the next DCR starts. At the beginning of a DCR, the amount ε H of energy harvested in the previous DCR is added to the energy in the ESD, i.e.,
and (e j > 0) and (f j = 0)
and (e j = 0) and (f j = 0) 
e j = e i + ε H . Then, if the energy available in the ESD is above the energy threshold ε th , i.e., e j ∈ {ε th + 1, ..., N }, the state of the end-device changes from sleep (e i , 0) to active mode (e j , 1). Otherwise, if the energy in the ESD is below or equal to the energy threshold when a DCR starts, the enddevice remains in sleep mode, i.e., it makes a transition to state (e j , 0). Consequently, the transition probability from a state (e i , 0) in sleep mode to any state (e j , f j ) can be expressed as
i f(ε th < e j < N) and (f j = 1)
0, o t h e r w i s e
, (4) where q εH is the probability that an end-device harvests ε H energy units, being ε H = e j − e i with e i ≤ e j .
Once an end-device becomes active at the beginning of a DCR, the end-device changes again to sleep mode from state (e i , 1) to state (e j , 0), with e j = e i , if it has zero data packets ready to transmit, which happens with probability p 0 . Otherwise, if the end-device has a number l ∈ {1, 2, ..., L} of data packets ready to transmit, which happens with probability p l , it will transmit its first data packet in successive frames until either it is successfully received by the coordinator, or the end-device enters in energy shortage, or both. The probability p s that an end-device succeeds in transmitting its first data packet in a given frame, assuming that there are neither transmission errors nor capture effect, can be formulated as
, where m C is the number of contention slots and n C is the number of end-devices which contend. If we consider that m C = n C in every frame, it can be demonstrated [8] , [9] that p s ≈ 1/e for all the frames of the contention process.
If an end-device does not succeed in transmitting its first data packet in frame f i , which happens with probability 1 − p s , it can make two possible transitions: (i) to state (e i − 1, f i + 1) if it has enough energy to retransmit in the next frame, i.e., e j ∈ {1, 2, ..., N − 1}; or (ii) to state (0, 0) if it falls in energy shortage, i.e., e j = 0.
Once an end-device succeeds in transmitting its first data packet in frame f i , which happens with probability p s , it will transmit its other l − 1 packets in a reserved slot of successive frames as long as it has enough energy. Thus, the end-device makes the following transitions from state (e i , f i ): (i) to states (e i − l, 0) with probability p s · p l for l ∈ {1, 2, ..., e i − 1}, or (ii) to state (0, 0) with probability
Consequently, the transition probability from state (e i , f i ) with f i ∈ {1, 2, ..., N } to state (e j , f j ) can be formulated as in Equation (3).
B. Data Delivery Ratio and Time Efficiency
The Markov chain model admits a unique steady-state probability distribution, denoted by π = [π e,f ], which is defined as
and satisfies that (P − I)π = 0, where P is the transition matrix and I is the identity matrix. The steady-state probability distribution conditioned on being in sleep mode, denoted by
Since an end-device is always in sleep mode before a DCR starts, the steady-state probability distribution conditioned on being at the beginning of a DCR, denoted by π B = π B e,f , can be expressed as π B = π S · P, where all the elements are zero for f ∈ {2, ..., N } because when a DCR starts an enddevice can only reach states (e, 0) with e ∈ {0, 1, ..., ε th }, or (e, 1) with e ∈ {ε th + 1, ..., N }.
The data delivery ratio (DDR) can be formulated as
where
is the average number of data packets successfully transmitted by an end-device in a DCR when it has l data packets ready to transmit at the beginning of the DCR, which can be expressed as
.
Recall that an end-device which enters in active mode retransmits its first data packet in subsequent frames until it is successfully decoded by the coordinator. Then, the end-device transmits successfully a number l s of data packets which depends on the number l of packets ready, the amount of energy available at the beginning of the DCR, and the frame number where the first packet succeeds, i.e., l s = min (l, e − f + 1).
The time efficiency, denoted by η t , can be formulated as the average number of slots with successful data packets in a DCR divided by the total number of slots in a DCR:
where 
In the next section, we validate the analytical model proposed to calculate the performance metrics for EH-RDFSA by comparing analytical and simulated results. Results for TDMA and DFSA are obtained through computer-based simulations.
V. MODEL VALIDATION AND PERFORMANCE EVALUATION
A. Scenario
We consider a wireless network formed by 1 coordinator and n = 1000 end-devices equipped with an energy harvester and an ESD with N = 10 energy units of capacity. We consider ε thr = 0 and that the energy harvested by an end-device follows a binomial distribution with probability mass function
for j ∈ {0, 1, 2, ..., N H }, where N H = 10 is the maximum number of energy units that can be harvested, and E H ∈ [0...N H ] is the energy harvesting rate.
B. Data Delivery Ratio
The DDR is represented in Figure 4 as a function of the energy harvesting rate E H considering that each end-device has a uniformly distributed random number l ∈ {1, 2, ..., L} of data packets ready to be transmitted to the coordinator in every DCR, with L ∈ {5, 10}. As it could be expected, the DDR increases with E H for EH-RDFSA, DFSA, and TDMA. Indeed, the higher the energy available in an ESD at the beginning of a DCR, the higher the number of possible packet transmissions in the DCR and the DDR. As it could be expected, TDMA shows a DDR equal to 1 when E H (or average number of harvested energy units) is close to or above L. Indeed, since there are no collisions in TDMA, its performance is only limited by the amount of harvested energy and the capacity of the ESD, and TDMA is the upper bound for random access protocols. In EH-RDFSA, the DDR is greater than 0.9 when E H > L. Therefore, the performance of EH-RDFSA in terms of DDR can be considered acceptable if E H > L. In addition, it can be observed that the slope and the maximum value of the DDR using EH-RDFSA are always higher than with DFSA. Indeed, as in EH-RDFSA the end-devices only contend to transmit their first data packet, the collisions and the energy consumption due to retransmissions are reduced with respect to DFSA, thus increasing the DDR. As it can be observed, DFSA and EH-RDFSA perform similarly for low E H because the end-devices have very low energy available, thus transmitting only in a very low number of frames.
C. Time Efficiency
The time efficiency is represented in Figure 5 as a function of the energy harvesting rate E H considering that each enddevice has a constant number L c ∈ {4, 6, 8, 10} of data packets ready to be transmitted to the coordinator in every DCR.
As it could be expected, the time efficiency using TDMA increases with E H . Indeed, the higher the energy harvesting rate, the higher the energy available in the ESDs at the beginning of a DCR, and the higher the number of possible packet transmissions per end-device. Consequently, the probability that one slot in every frame of TDMA contains one successful data packet increases with E H . Similarly, the time efficiency using EH-RDFSA also increases with E H . Indeed, the probability that one reserved slot in every frame of EH-RDFSA contains one successful data packet increases with the energy available in the ESDs at the beginning of a DCR.
As it can be observed, while the time efficiency using TDMA increases linearly up to 1, which indicates that every slot contains one successful data packet, the maximum time efficiency using EH-RDFSA is 0.8. Indeed, while in TDMA each end-device transmits in its reserved slot, in EH-RDFSA the end-devices have to contend until they succeed in transmitting their first data packet, with the consequent waste in contention slots due to collisions. In addition, the time efficiencies using TDMA and EH-RDFSA tend to their maximum when E H > L c .
As it could be expected, when the energy harvesting rate is below a certain threshold, the time efficiency using EH-RDFSA is greater than using TDMA. As it can be observed in Figure 5 , EH-RDFSA outperforms TDMA in terms of time efficiency when E H < L c − 2. Indeed, while the number of slots per frame in TDMA is constant, equal to the total number of end-devices in the network regardless of the number of active end-devices, the number of reserved slots per frame in EH-RDFSA is adjusted dynamically according to the number of end-devices that have not entered into sleep mode due to energy shortage, thus leading to higher time efficiency.
Finally, DFSA shows the worst time efficiency with respect to EH-RDFSA and TDMA, and it is insensitive to E H . This is due to the fact that in DFSA the end-devices have to contend for the transmission of every data packet, and the number of contention slots is adjusted to the number of end-devices which contend in each frame. However, when E H is very low, even DFSA outperforms TDMA in terms of time efficiency.
VI. CONCLUSIONS
In this paper, we have proposed a new Medium Access Control (MAC) protocol, named Energy Harvesting-aware Reservation Dynamic Frame Slotted-ALOHA (EH-RDFSA), for wireless M2M networks where a gateway periodically collects long data messages from a group of end-devices equipped with energy harvesters. We have considered the data delivery ratio (DDR) and the time efficiency as performance metrics to understand the impact of the energy harvesting process. We have modeled the operation of EH-RDFSA with a discrete-time Markov chain to analyze the evolution of the energy availability and to calculate the performance metrics. In addition, we have compared the performance of EH-RDFSA with that of DFSA and TDMA. Results show that the DDR and the time efficiency using TDMA and EH-RDFSA increase with the energy harvesting rate. EH-RDFSA outperforms DFSA in terms of DDR and time efficiency. TDMA outperforms EH-RDFSA and DFSA in terms of DDR. However, EH-RDFSA outperforms TDMA in terms of time efficiency when the energy harvesting rate decreases below a certain threshold which depends on the amount of data to transmit from each end-device to the gateway. Future work aims at including transmission errors and capture effect in the analysis presented in this paper.
